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Abstract

Molecular characterization of eight distinct, difficult-to-clone RNA plant viruses was accomplished after the development of a reverse
transcriptase-based first- and second-strand cDNA synthesis method. Double-stranded (ds) RNA templates isolated from strawberry and
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lackberry and several herbaceous hosts (mint, pea and tobacco) were cloned using this method. Templates, combined with rand
ere denatured with methyl mercuric hydroxide. Reverse transcriptase was added followed by the addition of RNase H. The result
as then digested with restriction endonucleases to produce shorter fragments that could be cloned efficiently into a T-tailed v
dding an A-overhang usingTaqpolymerase. This procedure resulted in a high number of cloned fragments and allowed insert sizes u
ilobase-pairs. Unlike traditional cDNA construction methods, there is no need for additional enzymes/steps for second-strand syn
mplification or prior sequence information. Synthesis and cloning of cDNA derived from dsRNA templates is much more efficient
reviously described methods. This procedure also worked well for cloning gel-purified dsRNA and with single-stranded RNA tem
ublished by Elsevier B.V.
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. Introduction

Molecular characterization of plant viruses, the majority
f which have a RNA genome, developed rapidly after the
iscovery that reverse transcriptase (RT) catalyzed the for-
ation of DNA from an RNA template (Baltimore, 1970;

emin and Mizutani, 1970). The characterization of RNA
iruses that are recalcitrant to purification relies largely on
he ability to purify virus-specific double-stranded (ds) RNAs
rom a wide variety of plant hosts (Morris and Dodds, 1979;
ar-Joseph et al., 1983; Choi and Randles, 1997; Valverde et
l., 1990). dsRNA molecules are formed during virus repli-
ation, and are comprised of full-length copies of the ge-
omic and subgenomic RNAs of sense and ambisense RNA
iruses. However, the quality of dsRNA templates is influ-
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enced greatly by the host plant from which they are extra
Many plants contain compounds such as glycosides, poly
nols, and polysaccharides that co-purify with nucleic a
and are inhibitory towards enzymatic reactions. Many pu
cation techniques have been developed to address the
lems caused by inhibitors (Agudo et al., 1995; Baker et a
1990; Do and Adams, 1991; Koonjul et al., 1999; Rowl
and Nguyen, 1993; Scott and Playford, 1996; Tesniere
Vayda, 1991; Thompson et al., 2003), but are not always su
cessful to eliminate these compounds.

The widest use of reverse transcriptase in cloning has
the exploitation of the RNA-dependent DNA polymer
activity to catalyze first-strand cDNA synthesis from R
templates. Typical protocols for the generation of first-
second-strand cDNA call for the use of reverse transcrip
for first-strand synthesis followed by treatment with RN
H before second-strand synthesis utilizingE. coliDNA poly-
merase I (Jelkmann et al., 1989). Various methods have be
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described for manipulation of the double-stranded cDNA fol-
lowing second-strand synthesis, including adapter/linker lig-
ation, homopolymer tailing, and generation of blunt ends for
cloning into appropriate vectors (Gubler and Hoffman, 1983;
Jelkmann et al., 1989; Okayama and Berg, 1982). Ligation of
an adapter to dsRNA in order to provide a known priming site
has also been described (Lambden et al., 1992; Potgieter et
al., 2002; Vreede et al., 1998). Some cDNA synthesis/cloning
protocols use PCR amplification to obtain sufficient template
concentration to allow efficient cloning into plasmid vectors
(Koonjul et al., 1999; Ono and Nakane, 1990). There are sev-
eral disadvantages to these methods, including the number
of steps involved and the presence of inhibitory compounds
that co-purify with nucleic acids that can hinder cDNA syn-
thesis and/or PCR amplification (Tesniere and Vayda, 1991).
Additionally, gel purification of dsRNA bands can introduce
inhibitors of second-strand cDNA synthesis (Tzanetakis, per-
sonal observation;Potgieter et al., 2002), while first- and
second-strand synthesis using reverse transcriptase appears
to be unaffected (this publication).

Reverse transcriptase is both an RNA- and DNA-
dependent DNA polymerase. A method for cDNA synthesis
was developed that utilizes both the RNA- and DNA-
dependent activities of RT. This method circumvents many
steps typically involved in cDNA synthesis from dsRNA
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in South Carolina and Arkansas, respectively, that showed
leaf chlorosis and vein-bending symptoms.

2.2. ss- and dsRNA isolation

For single-stranded RNA, SLRSV was purified fromN.
occidentalisplants according to the method ofMacDonald
et al. (1991)and the RNA was extracted from purified viri-
ons utilizing the RNeasy kit (Qiagen, Valencia, CA). Two
methods were used for isolation of dsRNA. Isolation from
pea was performed using the methods ofChoi and Randles
(1997)andYoshikawa and Converse (1990)that are based
on the binding of nucleic acids to cellulose in the presence of
ethanol. dsRNA from all other hosts was extracted according
to the latter method only.

2.3. cDNA synthesis

dsRNA was utilized as templates for cDNA with or with-
out gel purification. Gel separation was performed in Tris
phosphate–EDTA (TPE) agarose gels. After ethidium bro-
mide staining, dsRNA bands were excised and gel-purified
using GeneClean Spin Kit #1101-400 (Qbiogene, Inc., Carls-
bad, CA). The water-eluted dsRNA was reduced to a dried
pellet in vacuo (Savant Integrated Speed Vac System ISS110,
T pel-
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emplates and avoids problems with inhibitors often enc
ered when using other DNA polymerases, such as D
olymerase I orTaqpolymerase. This method also gener
high percentage of clones containing large inserts.

. Materials and methods

.1. Virus isolates

As a test of the procedure described below, we pur
sRNA of eight viruses from the following host plants:
n unknown virus of pea obtained from Dr. Richard Ham

on which caused a calico-type mosaic and was mainta
y mechanical transmission inPisum sativum’Early Freeze
80’ (EF680), referred to as pea calico. (2) Fragaria chiloe

atent virus (FClLV), obtained from the USDA-ARS Nation
lonal Germplasm Repository (NCGR) in Corvallis, O
on, accession number CFRA 9089 (Germplasm Reso

nformation Network (GRIN) database), maintained inFra-
aria chiloensis. (3–6) Four viruses cloned from dsRNA p
ified from clones ofMenthasp. (MEN 454.001 and ME
54.004, GRIN database) obtained from the USDA-A
CGR in Corvallis, Oregon, showing symptoms typica
irus infection. One of these four, identified as Strawb
atent ringspot virus (SLRSV) (Postman et al., 2004), was
ransferred mechanically toNicotiana occidentalisfor virus
urification. (7 and 8) Beet pseudo-yellows virus (BPY
nd Blackberry yellow vein associated virus (BYVaV) w
loned from dsRNA isolated from blackberry,Rubussp.,

Apache’ and ‘Chickasaw’, obtained from commercial fie
hermo Forma, Marietta, OH). Dried ds- and ssRNA
ets were resuspended in a denaturant mix containing 20
H3HgOH and one microgram random hexamer primers

otal volume of seven microlitres. This mixture was incuba
or 30 min at room temperature. Forty-three microlitres
reviously assembled reverse transcriptase solution co

ng 50 mM Tris acetate (pH 8.4), 75 mM potassium ace
mM magnesium acetate, 20 mM DTT, 0.4 mM dNTPs,
00 U Superscript III RT (Invitrogen, Carlsbad, CA) w
dded to the denaturant mix. The solution was vortexed,

rifuged briefly, left at room temperature for 2 min and t
ncubated at 50◦C for 60 min. Following the incubation p
iod, 4 U RNase H were added to the reaction that was
laced at 37◦C for 90 min.

To obtain shorter DNA fragments which would clo
ore efficiently, a mixture ofAatII, EcoNI, HpaI andNcoI

estriction endonucleases (20 U each) were also add
he reaction. Because of buffer incompatibility in sub
uent steps, the Rapid PCR Purification System (Marli

jamsville, MD) was used to purify the DNA fragments. D
o the nature of the vector used for ligation (TA vector w

thymidine overhang to facilitate efficient cloning), a
xyadenosine overhang was added to the cDNA utili
aqpolymerase (Xhang and Rowhani, 2000). The reac
onsisted of 20 mM Tris–HCl (pH 8.8), 10 mM KCl, 10 m
NH4)2SO4, 2 mM MgSO4, 0.1% Triton X-100, 2.5 UTaq
NA polymerase (New England Biolabs, Beverly, MA), a
.02 mM each of the dNTPs, used in order to fill in the sin
tranded DNA overhangs formed by digestion with res
ion endonucleases and add the deoxyadenosine ove
he reaction was incubated at 75◦C for 30 min, followed
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by removal of enzyme and nucleotides with the Rapid PCR
Purification System (Marligen, Ijamsville, MD). Total vol-
ume of the eluted products was reduced to a final volume of
4–20�l in vacuo.

2.4. Ligation and transformation

All cDNA ligations and transformations were done using
Vector TOPO pCR 4.0 cloning kits (Invitrogen, Carlsbad,
CA). Four microlitres of the final cDNA synthesis product
was used in the recommended ligation reaction. This mix-
ture was incubated for 30 min at 12◦C, followed by 30 min
at room temperature. Two microlitres of the ligation solu-
tion was used to transform chemically competent cells. DNA
was isolated (Perfectprep Plasmid Mini #0032 005. 500,
Brinkman, Westbury, NY) from 2-ml overnight cultures con-
taining 25�g/ml kanamycin.

2.5. Sequencing and analysis

DNA sequencing was performed by Macrogen Inc. (Seoul,
Korea) in an ABI 3730 XL automatic DNA sequencer.
Sequence identification and genome assembly were com-
pleted utilizing the BLAST (Altschul et al., 1997) and CAP3
(Huang, 1996) programs.
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kilobases of sequence was obtained by sequencing 20 or
fewer cDNA clones for each of the other unknown viruses,
Mint vein-bending virus (familyClosteroviridae, unassigned
genus), pea calico (genusUmbravirus) and Strawberry latent
ringspot virus (tentative member of the familyComoviridae
(ICTV) but with sequence homology withSequiviridae).
Less sequence data was obtained from Beet pseudo-yellows
virus where only five cDNA clones were sequenced (Table 1).

Endonucleases chosen for cloning experiments have op-
timal activity in buffer systems similar to that of the reverse
transcription reaction. Any restriction endonuclease compat-
ible with this buffer system may also be used. The cloned
fragment sizes were affected by use of these enzymes. Elim-
ination of restriction endonucleases or use of fewer than four
resulted in larger-sized cloned fragments. Exclusion of re-
striction enzymes allowed cloning of fragments of up to three
kilobases. The average size of the fragments cloned, utilizing
all four endonucleases, was approximately 600 bp compared
to a 1300 bp average in their absence. Without endonuclease
treatment, fewer fragments were cloned due to less efficient
topoisomerase-mediated ligation of the larger fragments.

4. Discussion
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. Results

Partial sequence was obtained for eight viruses u
he procedure described above. The sequence inform
llowed for a tentative assignment of the viruses to ge
roviding insight into possible genome organization
ontig arrangement. With this information, primers w
esigned for RT-PCR to fill in gaps and for 5′ and 3′ RACE

o obtain end sequence information, thus obtaining e
equences of four of these viruses. Complete sequen
ClLV (family Bromoviridae, genusIlarvirus), Mint virus X
family Flexiviridae, genusPotexvirus), Mint virus 1 (family
losteroviridae, genusClosterovirus) and BYVaV (family
losteroviridae, genusCrinivirus) were obtained using th
equence information acquired with this method. About

able 1
equence information for eight viruses obtained using the dsRNA clo

irusa Host No. of

PYV Rubussp. ‘Apache’ 5/80
YVaV Rubussp. ‘Chickasaw’ 43/65
ClLV Fragaria chiloensis 15/600
V-1 Menthasp. 20/55
VBV Mentha×gracilis 25/800
VX Mentha×gracilis 15/500
ea calico Pisum sativum 60/600
LRSV Mentha×gracilis 50/130

a Virus acronyms: BPYV = Beet pseudo-yellows virus; BYVaV = Bla
Mint virus 1; MVBV = Mint vein-bending virus; MVX = Mint virus X; S
b The sequence of this clone is >99% identical to BPYV GenBank
f

The ability to clone cDNA, derived from pea calico dsR
emplates purified from pea, demonstrated the advan
f this method, given the inability to obtain any seque
ata following multiple cloning attempts utilizing many

he previously described procedures (Zhang and Rowhan
000; Davis and Boyle, 1990; Jelkmann et al., 1989; Q
nd Kibenge, 1994).

Utilizing the protocol presented here, sequence info
ion from eight RNA viruses infecting five different pla
pecies was obtained. Small fruits crops such as straw
nd blackberry are known to contain inhibitors of in vitro
ymatic reactions that co-purify with total RNA and dsRN
egardless of isolation method. Gel purification of dsR
ay also lead to inhibition of downstream reactions,

educing cloning efficiency (Potgieter et al., 2002).
When carrying out RT-PCR reactions with total RNA i

ated fromFragaria, RubusandVacciniumsp., it was ob

ocedure described here

sequenced/average size Sequence ID number in Ge

–b

AY682104
AY682102
AY789139
AY548137
AY682101
AY686696
AY682103

y yellow vein associated virus; FClLV = Fragaria chiloensis latent viru
= Strawberry latent ringspot virus.

005210.
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served that inhibition occurred at the PCR rather than the
RT step. Further dilution of the RT reactions often resulted
in a positive RT-PCR result or a much more intense band
when the PCR product was analyzed. Also, it was observed
that the inhibited step in the cDNA synthesis procedure was
the second-strand synthesis, as PCR amplification was of-
ten successful when utilizing cDNA derived from dsRNA
templates fromFragaria andRubussp. These observations
suggested that reverse transcriptase is perhaps more tolerant
of inhibitory compounds than other DNA polymerases and
that the latter may be inhibited during the production of ds-
DNA from dsRNA templates. M-MLV reverse transcriptase
will synthesize a complementary DNA strand from single-
stranded RNA or DNA (Verma, 1975). These factors led to
the hypothesis that DNA polymerase I may be inhibited in
traditional cloning strategies, leading us to attempt second-
strand synthesis using RT.

To assess the efficiency of the new procedure with ssRNA
templates, Strawberry latent ringspot virus single-stranded
RNA from purified virions was utilized. The procedure
yielded cloning efficiencies higher than that of dsRNA
templates of the same or other viruses. While the amount of
template used was comparable to that of dsRNA templates,
elimination of enzymatic inhibitors during virus purification
and unproblematic denaturation of the ssRNA secondary
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